Three types of chemical additives were used to modify asphalt emulsion recycled mixture. These chemical additives include composite Portland cement (CPC), hydrated lime (HL), and a combination of hydrated lime and ground-granulated blast-furnace slag (GGBF). The influence of different additives on the recycled mixture performance was investigated by volumetric and strength tests, moisture susceptibility test, rutting resistance test, and low temperature bending test. To better understand its performance characteristic, the microstructure images of the recycled mixture were observed by environmental scanning electron microscope (ESEM). Test results demonstrate that the performance improvement of the emulsion recycled mixture depends on the types and content of chemical additives. Several recommendations are presented for the selection of chemical materials. Based on ESEM image analysis, the interface bonding mechanism is proposed to explain the performance characteristic of the recycled mixture with asphalt emulsion and cementitious materials.
Introduction
The performance of asphalt pavement in service is gradually deteriorated due to vehicle load repetition and environmental factors. When pavement condition reaches a certain unacceptable level, it has to utilize reasonable rehabilitation methods to restore its performance. In addition to its environmental benefits, pavement recycling technologies provide cheaper, faster, and less traffic disruptions alternative to conventional reconstruction strategies [1, 2] . Cold recycling is one of the most popular pavement recycling methods. During cold recycling, existing asphalt pavement is pulverized by cold milling machine. It is suggested to use 100% reclaimed asphalt pavement (RAP) to design cold recycled mixture. In some cases, new aggregates are also used to adjust the RAP gradation. These loose aggregates are stabilized by bonding materials and recompacted into a base course of new pavement structure without the application of heat [3] . Normally, RAP is treated as "black stone" and stabilized by bonding materials to design cold recycled mixture. The most common stabilizing materials for cold recycling mixtures are mixing grade asphalt emulsions because they are liquid at ambient temperatures and can be easily dispersed throughout the mix [3, 4] .
Asphalt emulsion has been used to stabilize RAP with a long history. However, there are still some problems on the performance properties of the emulsion recycled mixture, for example, low early-stage strength, inadequate resistance to moisture damage, and permanent deformation [3, 4] . These shortcomings are derived from the breaking and curing characteristic of asphalt emulsion. It has been demonstrated that asphalt emulsion needs extended curing time to restore the rheological properties of asphalt binder before being emulsified [5, 6] . Since the early 1970s, many studies have shown that cement can improve the early mechanical strength and performance properties of asphalt emulsion mixture [7] [8] [9] [10] . With the development of cold recycling technology, some researches also recommended using cement to modify the cold recycled mixture with asphalt emulsion. The improvement of cement on the performance properties of asphalt emulsion recycled mixture is also verified by some studies [11] [12] [13] . Moreover, some researchers suggest using hydrated lime, fly ash, or other chemical materials to enhance the performance properties of the emulsion recycled mixture 2 Advances in Materials Science and Engineering [14] [15] [16] . However, there is still a lack of understanding about the combined effect of chemical additives and asphalt emulsion on the recycled mixture performance. The objective of this research is to investigate the effect of different chemical additives on the performance properties of asphalt emulsion recycled mixture. A mix design procedure based on the selection of optimum premix water content and optimum emulsion content is proposed. The performance of the recycled mixtures was evaluated by indirect tensile strength (ITS) test, moisture susceptibility test, rutting resistance test, and low temperature bending test. Furthermore, this research also provides insight into the interface adhesive mechanisms of the recycled mixture with emulsion and cement by observing the interface microstructure between the cement asphalt mastic and RAP.
Materials
The reclaimed asphalt pavement (RAP) was obtained directly from cold milling on site of distressed asphalt pavement. The RAP surface contained 4.2% asphalt binder by weight of RAP according to the results of Rotavapor extraction test. The moisture content of RAP was 0.9% of RAP weight. The performance properties of aged asphalt binder in RAP are given in Table 1 by the standard test procedures in JTG E20-2011 [17] . The design limits and gradation used in this study are shown in Figure 1 . The gradation of RAP is within the required range of pavement recycling specification [18] . The selected mixing grade emulsion was slow-setting cationic asphalt emulsion. The physical properties of the emulsion are provided in Table 2 using test procedures in JTG E20-2011 [17] . The chemical materials, including hydrated lime (HL), type II composite Portland cement (CPC), and ground-granulated blast-furnace slag (GGBF), were used in combination with asphalt emulsion. The CPC content was adapted from 1.5% to 3.5% at 1% intervals based on the practical experience. In the composite additives of HL and GGBF, the mass ratio of HL to GGBF was 1 : 3. The other chemical additive content was selected according to the test results of the mixture with CPC. In order to understand the physical and chemical properties of the additives, the Brunauer-Emmett-Teller surface area and methylene blue value were also tested in this study. The basic properties of these chemical materials are presented in Table 3 according to test methods in JTG E42-2005 [19] .
Mixture Design and Test Methods

Mixture Design.
Although universal accepted mix design procedure for asphalt emulsion recycled mixture is not available at present, guidelines have been developed by several agencies based on laboratory tests [20, 21] . In this study, the recycled mixtures were designed using the modified Marshall volumetric mix design method.
During mixing of the recycled mixtures, the premix water was added in RAP before the addition of asphalt emulsion. Then different chemical materials were added to produce the mixture. Specimens were prepared at 75 blows per side with Marshall hammer. All compacted samples were left in the mold and cured at room temperature for 24 h. After initial curing, the samples were demolded and cured in a forced draft oven at 60 ∘ C for 72 h. The cured samples were allowed to cool at room temperature at least 24 h before the performance test.
The most important steps of aforementioned procedures were to determine the optimum premix water content (OPWC) and optimum emulsion content (OEC). The OPWC varies along with water in the emulsion and water content in RAP. Since the asphalt droplet in the emulsion is in the solid or semisolid state at room temperature, it is reasonable to conclude that water content dominates the workability and compactability of the mixture. When the RAP gradation, chemical additive types, and content are invariant, it is appropriate to assume that the summation of OPWC and water in asphalt emulsion is constant. In order to determine OPWC, the asphalt emulsion was assumed at 4% by the weight of RAP. Mixes were prepared with premix water contents ranging from 1.5% to 3.5% at 0.5% intervals. A study indicated that the OPWC of asphalt emulsion mixture corresponding to the maximum density is a little greater than the OPWC corresponding to the maximum ITS [10] . Considering the added free water has an adverse impact on the performance of the recycled mixture, the OPWC was determined according to maximum ITS for a given mix with 4% asphalt emulsion. It is obvious that the OPWC need to be adjusted when the emulsion content was not 4%. To determine OEC, the recycled mixtures were prepared with emulsion contents ranging from 3.0% to 5.5% at 0.5% intervals. Simultaneously, the OPWC was adjusted according to the emulsion content. After curing, the ITS of specimens were tested. The OEC was defined as the emulsion content that corresponded to the maximum ITS for a given mix. Once OEC was determined, the corresponding OPWC could be easily calculated based on the aforementioned assumption. For each chemical material, the OEC and OPWC should be determined before preparing specimens according to the described design procedures. After compaction and curing, volumetric and performance properties of the recycled mixtures were investigated. The bulk and maximum specific gravities of mix samples were measured by the vacuum sealing method at 25 ∘ C. After first submerging specimens in 15 ∘ C water for 1 hour to achieve a uniform testing temperature, the indirect tensile test (ITS) was conducted immediately.
Moisture Susceptibility Test.
Moisture damage in asphalt pavement has been considered as a major problem encountered by pavement engineers all over the world. In hot asphalt mixture, moisture existing in air voids degrades the interface bonding between asphalt and aggregates and even leads to the stripping of asphalt films from aggregate surfaces [22] . During the mix design of the emulsion recycled mixture, water was introduced into the aggregates to increase the workability of the mixture. Wet aggregates, added water, and water in the emulsion adversely impact the cohesion of asphalt mastic and the adhesion of mastic aggregate. Adhesion and cohesion failures lead to moisture damage. To combat moisture damage, the potential moisture resistance ability of the preliminary designed recycled mixtures should be verified by moisture susceptibility test.
In this study, moisture resistance was evaluated using the soaked ITS test and the freeze thaw ITS test, which are both widely used to characterize moisture resistance of hot asphalt mixture. A study also recommended evaluating the moisture resistance of cold asphalt emulsion mixture by these two methods [23] . Moisture susceptibility of the recycled mixture was appraised by soaked ITS test and freeze thaw cycle test. The air void of specimens was equal to that of the mix design results. For the soaked ITS test, the samples were soaked in a 25 ∘ C water bath for 23 h and then immersed in 15 ∘ C water for 1 h. Moisture damage was evaluated by using the soaked tensile strength ratio (TSR), which was defined as the percentage ratio of soaked to dry tensile strength at 15 ∘ C. To evaluate the resistance of freeze thaw damage, the 55-88% of air voids in specimens should be filled by water. Then the wrapped samples were conditioned by one freeze thaw cycle according to the JTG E20-2011 procedures [17] . Finally, the conditioned and unconditioned specimens were placed in 25 ∘ C water bath for 2 h. All the samples were tested by 25 ∘ C ITS test at a rate of 50 mm/min. Similar to the soaked TSR, the freeze thaw TSR was defined as the percentage ratio of conditioned ITS to unconditioned ITS.
Rutting Test.
Rutting resistance ability of the recycled mixture should be evaluated to avoid potential permanent deformation of the overall pavement structure. Popular rutting resistance test methods of hot asphalt mixture include static creep test and wheel tracking test [17] . In this study, the rutting resistance of the recycled mixture was evaluated by a wheel tracking test. The mixtures were compacted into slab specimens by a steel roller. The air void of slab specimens was the same as that of mix design. The compacted samples were left at room temperature for 24 h and then put at 60 ∘ C in a forced draft oven for 72 h. During curing, the samples were maintained in the compaction molds to avoid the change of the geometry. After curing, the specimens were cooled at room temperature for 24 h and tested at a temperature of 60 ∘ C ± 1 ∘ C. The 0.7 MPa loading was performed by a solid rubber tire that moved on the sample surface at the speed of 42 passes per minute. The output of the test was the rut depth (RD) and the dynamic stability (DS). DS was defined as the number of wheel passes per 1 mm deformation between 45 and 60 min during the test period.
Low Temperature Bending Test.
Although hot asphalt mixture overlay is always used on the surface of cold recycled base course materials, the recycled mixture can easily cause cracking in cold region. A three-point flexural beam test at −10 ∘ C was adopted to evaluate the cracking resistance ability of the recycled mixture following a procedure in JTG E20-2011 [17] . In this test, a beam specimen with 250 mm × 30 mm × 35 mm was loaded at the midspan to get vertical deflection at a rate of 50 mm/min until failure. The applied load and vertical deflection were measured and recorded by data collection system. The flexural failure strength, flexural tensile failure strain, and stiffness were calculated based on elementary beam theory. The fracture energy density, which was defined as the area values under stress-strain curve up to peak loading, was the potential energy required for resistant cracking of the recycled mixture. It was also calculated and viewed as an index of evaluating the cracking resistance of the recycled mixture.
ESEM Test.
Environmental scanning electron microscope (ESEM) is a state-of-the-art high resolution research instrument. It is a development of high vacuum scanning electron microscope. The advantage of ESM is that wet and insulating specimens can be examined without prior specimen preparation. In this study, a Philips XL30 ESEM was used to observe the interface microstructure in the recycled mixture. After curing, the fractured specimens were cubed to dimensions of 1.5 cm by 1.5 cm and coated with gold for ESEM analysis. During the test, the fracture surface of specimens was observed by ESEM. A very thin coating of gold can provide the needed conductivity and can offer protection for material surface.
Test Results and Discussion
Mixes Design Results.
The control mixture was composed of 100% RAP and asphalt emulsion. The chemical additives were introduced to replace the same weight of RAP passing the 0.075 mm sieve size. As described in Section 3.1, the OPWC and OEC of the recycled mixtures with different chemical additives were both determined by ITS test. The air void content of the mixtures was calculated by the test results of bulk specific gravity and theoretical maximum specific gravity. The test results of the OPWC, OEC, ITS, and void content are shown in Table 4 . When 1.5% CPC is used, the OPWC and OEC of the recycled mixture are the same as those of the control mixture. As the CPC content increases, more premix water is needed because the interaction between cement and emulsion influenced the workability of the mixture. Therefore, the OPWC of the mixture with 2.5% CPC increases compared with that of the mixture with 1.5% CPC. Moreover, the OEC of the mixture is decreased obviously when CPC content is 2.5%. The higher OPWC leads to the increase of air void, so does the lower OEC. A study has demonstrated that hydration products exist in cement and asphalt emulsion composite mastic [10] . This indicates hydration product in asphalt acts as binding agent and reduces the requirement of the OEC. From test results of ITS in Table 4 , it is found that the ITS of the control mixtures is improved by 35% when 1.5% CPC is added. Furthermore, there is a significant positive correlation between ITS and CPC content. In theory, the hydration products in the cement asphalt mastic can modify the performance of asphalt binder. Therefore, the conclusion is that the cement content influences the optimum composition and mechanical strength of the recycled mixture with asphalt emulsion. Based on the lower OEC and higher ITS values, it is suggested to use 2.5% CPC to modify the control mixture.
Another objective of this study is to compare the effect of different additives on the performance of the recycled mixture. Since the preliminary determined CPC content is 2.5%, other chemical additives also adopted the same content.
The mix design results of the recycled mixtures with different chemical additives are provided in Table 4 . The strong water absorption ability of HL influences the workability of the mixture. It results in a much higher OPWC in the mixture. Furthermore, the chemical absorption between asphalt and HL improves the adhesion of asphalt mastic and RAP interface. The ITS of the control mixture is increased by 17%. However, the improvement of 2.5% HL on ITS is even less than 1.5% CPC. It means that CPC is better material to improve the ITS than HL. When HL and GGBF are combined with asphalt emulsion, the OPWC of the control mixture is increased and OEC is decreased. This phenomenon is similar to the usage of CPC. Moreover, the ITS value of the recycled mixture with HL and GGBF approaches that of the mixture with CPC. A study has shown that the potential cementitious ability of GGBF can be activated by HL [23] . The hydration products from GGBF can also modify the performance of asphalt binder and the recycled mixture as these from CPC. The technical guidelines of asphalt pavement recycling in China specify that the 15 ∘ C ITS of cold recycled mixture with asphalt emulsion and chemical additives should be higher than 0.4 MPa. The air void content should be between 9% and 14% [18] . For ITS values, all the recycled mixture can satisfy the requirement. Although air void content lower than 9% is advantageous to the durability of the recycled mixture, the lower OEC is beneficial to construction cost. Therefore, the 2.5% CPC or a combination of HL and GGBF is recommended to design the emulsion recycled mixture.
Moisture Susceptibility.
Results of moisture resistance testing are provided in Table 5 . The percentages of soaked TSR and freeze thaw TSR were calculated using previous definition and shown in Figure 2 . The design specification of the emulsion recycled mixture in China recommends that the percentage of soaked TSR and freeze thaw TSR should be higher than 75% and 70%, respectively [18] . For the recycled mixture only with asphalt emulsion, it cannot satisfy the specification requirement of moisture resistance. When CPC is used in combination with asphalt emulsion, both the percentages of soaked TSR and freeze thaw TSR of the control mixture are improved. The TSR values in Figure 2 clearly manifest that the moisture resistance ability of the recycled mixture satisfies the specification requirement when only 1.5% CPC is added. The TSR results of the recycled mixture with HL also meet the requirement of moisture resistance. However, the ITS and TSR values of the mixture with 2.5% HL and emulsion are lower than those of the mixture with emulsion and 1.5% CPC. This indicates that HL is inferior to CPC as an antimoisture damage additive. When HL and GGBF are used in combination with the emulsion, the ITS and TSR values of the mixture are close to those of the recycled mixture with 2.5% CPC. These results imply the moisture resistance ability of the control mixture is improved significantly by a combination of HL and GGBF. The modification effect of hydration products on asphalt emulsion is far superior to the physical and chemical absorption between asphalt emulsion and HL. Therefore, to improve moisture resistance, most effective additive is CPC or a combination of HL and GGBF.
Rutting.
Results of rutting test are presented in Figure 3 . The DS of the mixture is proportional to CPC content, but the RS is inversely proportional to CPC content. For the mixture with 2.5% CPC, the DS is increased by a factor of 11 and RD is decreased by 45% compared with the control mixture.
To compare CPC with other materials, the content of every chemical additive is fixed at 2.5%. When HL is adopted, the RD of the control mixture is decreased by 30% and DS is increased by 27%. But the improvement of 2.5% HL on rutting resistance is still lower than 1.5% CPC. When HL and GGBF are used in combination, the RD decreases by approximately 67% and the DS increases by a factor of 12. Therefore, the most effective additive for rutting resistance is CPC or a combination of HL and GGBF. This conclusion is consistent with ITS and moisture susceptibility results. Figure 4 indicate the failure stress of the control mixture is improved but the failure strain is decreased as CPC content increases. This is the reason that the stiffness of the control mixture in Figure 5 is improved obviously by CPC. HL or a combination of HL and GGBF also brings similar trend as CPC. Therefore, it is difficult to evaluate the effect of chemical additives on the cracking resistance of the emulsion recycled mixture only based on failure stress or failure strain. A different trend is shown for fracture energy density results in Figure 5 . It is observed that the fracture energy density is proportional to CPC content. The maximum fracture energy density is reached at 2.5% CPC. When different chemical additives are used, the fracture energy density of the control mixture is also improved significantly. Therefore, chemical additives can modify the cracking resistance of the emulsion recycled mixture based on fracture energy density results. It is necessary to continue investigating the cracking resistance of the recycled mixture by fracture energy conception.
Low Temperature Bending Test. Test results are shown in Figures 4 and 5. The results in
Interface Microstructure.
To understand its performance, the microstructure images of the recycled mixture were observed by an environmental scanning electron microscope (ESEM). In the asphalt emulsion mixture, the interface modification of cement is superior to that of the other chemical additives cement [23] . Therefore, this study focuses on the interface of recycled mixture with asphalt emulsion and CPC. The recycled mixture with 2.5% CPC and 3.5% asphalt emulsion was cured according to the aforementioned curing procedures. In order to compare with the control mixture, the interface between RAP and asphalt emulsion was also observed. The ESEM photographs are shown in Figures  6, 7 , and 8. The interface ESEM photograph between RAP and asphalt emulsion is provided in Figure 6 . Although it is difficult to distinguish the aged asphalt mastic and new asphalt emulsion binder in Figure 6 , it is obvious that new binder can bond with the RAP surface directly. However, the stiffness discrepancy between new asphalt mastic and aged asphalt mastic leads to the inconsistent deformation between these mastics. Therefore, the ITS, moisture resistance, and rutting resistance of the mixture with asphalt emulsion cannot meet the requirement of traffic loading. From the interface photograph between RAP and asphalt emulsion in Figure 7 , it can be observed that the compound substances with different structures exist in the interface zone of the recycled mixture. The hydration reaction of cement in asphalt emulsion leads to the results that cement asphalt mastic manifests the special morphology of hydration products. Moreover, it can be found that cement asphalt mastic bonds directly and closely with RAP. The interface ESEM photograph with smaller scale is provided in Figure 8 . It can be observed clearly that hydration products even pierce the asphalt film and bond with the aged asphalt mastic on the surface of RAP. If there are no rejuvenating agents in asphalt emulsion, it is extremely difficult for only asphalt emulsion to restore the rheological performance of aged asphalt [23] . However, the hydration products can increase the stiffness of asphalt binder and lower the stiffness difference between new asphalt mastic and aged asphalt mastic. Concurrently, hydration products consume the interface water and increase the adhesion strength between new asphalt mastic and aged asphalt mastic. Therefore, the bonding strength between new asphalt mastic and RAP is improved significantly by hydration products. This mechanism can explain why cementitious materials improve the ITS, moisture resistance, rutting, and low temperature bending resistance of the emulsion recycled mixture.
